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Abstract: 
High critical temperature cuprate superconducting materials are composed of copper oxide layers 
and interlayer charge reservoirs. When not doped, these cuprates are antiferromagnetic insulators. 
We propose to design new materials by combining alternating layers of parents of hole-doped and 
electron-doped of these cuprates and modifications thereof. Our goal is to find undoped cuprates 
that can be either an antiferromagnetic insulator or a quantum metal. The term quantum metal 
means a metal characterized by long range antiferromagnetic order or only strong 
antiferromagnetic correlations, i.e., it is thus a stable ground state against any other perturbations. 
The new metallic states sought here could be precursors to new superconducting states in the 
absence or presence of doping. Using the density functional theory, we report on two compounds 
{La}{Pr}CuO4 and {La}{V}CuO4 that illustrate the different physics described above. The curly 
brackets mean that the preparation of these compounds shall be done by depositing a layer 
containing Pr, then one CuO2 layer, then finally the La layer in {La}{Pr}CuO4 for example. The 
configuration formed by the positions of the charge reservoir atoms with respect to the CuO2 layer 
is an important factor in the new procedure we propose here. This paper reports on the X-ray 
diffraction, electronic, optical, and magnetic properties of these hypothetical materials. We found 
that {La}{Pr}CuO4 is a Mott insulator, but {La}{V}CuO4 is an undoped correlated quantum metal 
with long-range order. Our calculations were performed using the linearized plane wave method 
(FP-LAPW) implemented within the Wien2k software.  
Keywords: Cuprate superconductors, antiferromagnetic insulators, quantum metals, density 
functional theory. 
I. Introduction 
 
More than thirty years elapsed since the discovery of high-temperature superconductivity by 
Bednorz and Müller [1] in La2-xBaxCuO4 with critical temperature  𝑇𝐶 = 30 K [2]. But the 
mechanism of high-temperature superconductivity has yet to be discovered. This mechanism 
differs from Bardeen-Cooper-Schieffer’s (BCS) theory, which deals with phonon-mediated 
superconductivity in low-temperature conventional superconductors [3]. Meanwhile, the search 
for new superconducting materials did not stall at least experimentally; currently innovative 
materials like H2S [4], graphene bilayer [5], LaH10, CaC6 and YbC6 [6], etc., have been 
investigated. 
Indeed, the quest for innovative materials with critical superconducting temperatures higher than 
those already realized is a challenging task. Recently, some progress has been achieved. Drosdov 
et al. realized conventional superconductivity in H2S below ~203 K under very high-pressure 
conditions, [4]. Also, conventional superconductivity was reported in lanthanum hydride LaH10 
below ~250 K at a pressure of 170 GPa [7]. Unconventional superconductivity has been discovered 
in the purely two-dimensional strongly-correlated bilayer graphene, with very low critical 
temperature 1.7 K, but with a very high ratio of this temperature and Fermi energy given that the 
Fermi surface consists of very small pockets in this material [8]. Amid all this, the high-TC cuprates 
continue to hold the record highest critical temperature in atmospheric pressure conditions. Indeed, 
to the best of our knowledge, Hg0.8Tl0.2Ba2Ca2Cu3O8+δ holds the record highest 𝑇𝐶 = 135 K at one 
atmosphere [9]. 
In high-TC cuprate superconductors (HTSC), the interplay between antiferromagnetic (AF) order 
or strong AF correlations and superconductivity is a challenging and still open issue. It is believed 
that the understanding of this issue will very likely lead to understanding the mechanism of high-
TC superconductivity. It is in this spirit that, in this work, we propose an approach for searching 
for innovative materials based on HTSCs and having a richer interplay between 
antiferromagnetism and metallicity at or near zero doping. We begin with undoped parent 
compounds of HTSCs and address the question of changing the physical properties of these 
materials from a Mott insulator to a quantum metal by changing chemical constituents and 
proposing a new way for preparing these hypothetical materials. The quantum metallic state 
proposed here is characterized by either long-range AF order or strong AF correlations.  
This approach has been motivated as follows. The phase diagram of HTSCs is characterized by 
two important phases in addition to the superconducting phase, namely the AF phase near zero 
doping, and the pseudogap (PG) phase, which borders the superconducting phase and which occurs 
for doping levels slightly greater than those of the AF region. The rotating antiferromagnetism 
theory (RAFT) describes the PG phase in terms of the rotating antiferromagnetic (RAF) hidden 
order. This approach gives rise to a phase diagram that is comparable to the experimental one, and 
is based on competing orders, i.e., the competition between superconductivity and RAF order, 
[10]–[15]. Note that RAF order can be interpreted as a remainder of real three-dimensional (3D) 
AF order that occurs in the vicinity of zero doping. When the coupling responsible for RAF order 
is not considered in RAFT, the phase diagram consists of only superconductivity, which is optimal 
near zero doping. When this coupling is considered back in RAFT, superconductivity is destroyed 
in the vicinity of zero doping. The following idea, born from this analysis, motivated the present 
work: if a mechanism that enhances superconductivity near zero doping at the expense of AF order 
and PG behavior is found then higher superconducting critical temperatures could perhaps be 
realized. Our approach consists of proposing the use of chemical substitution in layered high-TC 
cuprates and a special material’s preparation in order to engineer new compounds with modified 
and enhanced properties: we propose materials made of alternating layers of electron-doped and 
hole-doped cuprates and investigate the effect of different configurations when the positions of 
reservoir’s atoms are exchanged between upper reservoir layers and lower ones with respect of the 
CuO2 layer. In short, the present work can be considered as the first step in the quest for innovative 
high-TC materials where superconductivity could be enhanced at the expense of 
antiferromagnetism and/or AF correlations in the immediate vicinity of zero doping. Here, we 
focus on undoped materials only to illustrate our new approach. We use the density functional 
theory (DFT) to investigate the effect of different configurations of atoms in the charge reservoirs 
within the unit cell on the physical properties like optical conductivity, AF order, and density of 
states (DOS). 
 
In this paper, we report on the proposal of combining the compounds La2CuO4 and Pr2CuO4 to 
obtain a new material hereafter labeled as {La}{Pr}CuO4. Then we substitute Pr by Vanadium, V 
to get {La}{V}CuO4. The curly brackets mean that in the proposed material, the positions of atoms 
La and Pr in the unit cell matter. Two configurations are shown in Figure 1. We use the DFT to 
study the effect of changing positions on the local AF magnetization and DOS. Any changes of 
magnetization and of the DOS in the vicinity of the Fermi energy will be a signal for a potentially 
interesting change in the properties of the material. For atoms’ substitution, we replaced Pr by 
vanadium V (Figure 2) which belongs in the same column in the periodic table. 
 
In Section II, the computation methodology is outlined. Section III is dedicated to the results and 
discussion. These results concern the new hypothetical materials {La}{Pr}CuO4 and 
{La}{V}CuO4 but also include the compound La2CuO4. The electronic structure, DOS, X-ray 
diffraction profiles, charge density, and optical conductivity are calculated and discussed. 
Conclusions are drawn in Section IV.  
 
II. Materials and Methodology 
 
The computations were performed using the code Wien2k [16], which is an implementation of the 
Full Potential-Linearized Augmented Plane Wave (FP-LAPW) [16], [17], in the framework of the 
DFT [18], [19]. We used the generalized gradient approximation (GGA) parameterized by Perdew, 
Berke and Erenzehof [20], [21] for the exchange correlation potential, because it is known to 
produce more accurate band structures, contrary to the local density approximation (LDA) [22]. 
It, for example, yields a lower energy compared to the LDA approximation. We begin by 
recalculating the electronic, magnetic, and optical properties of the material La2CuO4 using 
Wien2k. We used 500 k-points and Rkmax = 7 which converge well the total energy of the system. 
To account for the energy correlations of the highly localized 3d copper orbitals, we used the 
DFT+U within the GGA+U approximation [23]. In this method, the onsite (copper’s d orbital) 
interaction is described by a pair of parameters: The Coulomb repulsion U and exchange 
interaction J [24]. The values 𝑈 = 4 eV and 𝐽 = 0.4 eV were considered in our calculation for 
copper [25]. We used a 1×1×1 cell of the antiferromagnetic orthorhombic crystal structure 
containing 28 atoms. This cell is sufficient because it contains 4 copper atoms with 2 in each AF 
sublattice. 
 
For the new hypothetical materials {La}{Pr}CuO4 (Figure 1) and {La}{V}CuO4  (Figure 2), we 
used the GGA+U approximation with 𝑈 =  7 eV [26], 𝑈 = 4 eV [25] , and 𝑈 =  5 eV [27] for 
orbitals 4f of Pr, 3d of Cu, and 3d of V, respectively. We also used J = 0.8 eV [26], 𝐽 =  0.4 eV 
[25], and 𝐽 =  1 eV [27] for orbitals 4f of Pr, 3d of Cu, and 3d of V, respectively. We used the 
XCrySDen code to visualize all structures [28], and the VESTA code to calculate the X-ray 
diffraction pattern for {La}{Pr}CuO4 and {La}{V}CuO4 [29]. 
 
 
  
          Configuration A 
 
          Configuration B 
 
(a) (b)  (c)  
Figure 1. The crystalline structure of (a) La2CuO4, (b) Configuration A for {La}{Pr}CuO4 
without mixing of La and Pr in the charge reservoir, and (c) Configuration B for {La}{Pr}CuO4 
with mixing between La and Pr.  
 
Configuration A 
 
Configuration B 
 
(a) (b) 
Figure 2. The crystalline structure of (a) {La}{V}CuO4 without mixing of La and V in the 
charge reservoir, (b) {La}{V}CuO4 with mixing between La and V. 
                                   
III. Results and discussion 
 
1. The compound 𝐋𝐚𝟐Cu𝐎𝟒 
1.1. Band structure 
 
The La2CuO4 compound crystallizes in the low-temperature orthorhombic structure (Figure 1a) 
with Bmab space group (No. 64) [30], and has been studied by Czyżyk et al. [31]. The atomic 
positions of La2CuO4 are summarized in Table 1. 
          
         Table 1. Atomic positions of La2CuO4 [30]. 
Atoms Multiplicity 
and Wyckoff 
x y z 
La 8f 0 -0.00672 0.36145 
Cu 4a 0 0 0 
 O1 8e 1/4 1/4 -0.00672 
 O2 8f 0 0.3406 0.18367 
  
To determine the ground-state properties, we optimized the crystal structure of the system using 
the Birch-Murnaghan Equation of State (BM-EOS) [32]. The procedure is to allow for the 
relaxation of positions of atoms in the system. Once equilibrium is reached, we calculated the 
physical properties of interest. The optimized lattice parameters (a, b, and c) and angles (, , and 
) of the unit cell of La2CuO4 are shown in Table 2. The results are in good agreement with recent 
literature [30], [33], [34]. 
 
   Table 2. The optimized parameters of La2CuO4.  
Parameter and 
angle 
a (Å) b (Å) c (Å)    
Experimental [30] 5.357 5.406 13.143    90°    90°    90° 
Experimental [33] 5.335 5.420 13.106 ---- ---- ---- 
GGA [34] 5.352 5.576 13.101 ---- ---- ---- 
GGA 5.358 5.483 13.135    90°    90°    90° 
GGA+U 5.360 5.410 13.139    90°    90°    90° 
 
Figure 3 shows the X-ray diffraction (XRD) intensity profile for material La2CuO4 calculated by 
the software VESTA [29]. The peak with highest intensity occurs at (020) for 2θ ≈30°. The XRD 
profile calculated here is in agreement with experimental  data [35]. 
 
 
 
Figure 3. The XRD profile for La2CuO4 calculated by VESTA. 
  In our calculation, [Xe]5𝑑16𝑠2, [Ar]3𝑑104𝑠1 and 1𝑠22𝑠22𝑝4 states were considered as electronic 
configurations for La, Cu, and O, respectively. The valance of La, Cu and O are 3+, 2+ and 2-, 
respectively. Using the GGA approximation, we recalculated the total DOS and band structure of 
La2CuO4 and displayed the results in Figure 4. The calculation was performed using the polarized 
spins’ feature of Wien2k because the AF order is known to occur in this compound. This AF order 
is confirmed by the GGA+U calculations (see below). The DOS in Figure 4a indicates that this 
compound has a nonmagnetic character because the total magnetic moment is practically zero; 
0.01μB (Table. 3). In the absence of local Coulomb repulsion on copper’s atoms, a metallic 
behavior, as is well known, characterizes the band structure shown in Figure 4b. Physically, the 
DFT predicts a metallic state since the bands are not fully filled (the band formed by copper’s d 
electrons is half filled).  
 
 
 
 
 
 
 
(a)  (b) 
Figure 4. (a) The total DOS, and (b) band structure of La2CuO4 calculated within the GGA 
approximation are shown. The Fermi energy is taken as the origin for energies.  
According to band theory, La2CuO4 should thus be a metal, however it was reported to be 
insulating experimentally because of the strong onsite Coulomb repulsion [36].  For this reason, 
GGA+U has been used with U = 4 eV for copper’s 3d orbitals. We note from Figures 5a and 6 that 
the total DOS and band structure have greatly changed due to the inclusion of the Hubbard U term. 
In Figure 6, a gap of 1.5 eV results from electron correlations due to Coulomb repulsion. These 
results are in good agreement with recent literature [37] where the (linear-spin-density 
approximation) LSDA+U approximation was used [38]. The gap we find is indirect since the 
minimum of the conduction band (CB) and the maximum of the valence band (VB) are shifted in 
agreement with results in literature [34], [39]. 
 
Table 3. The partial magnetic moments, total magnetic moment, and gap of La2CuO4.  
               Approximation GGA GGA+U Experimental Ref. [31] Ref. [37]  Ref. [40] 
 
Magnetic 
moment (µ𝐵)  
La 0.0013 0.0008 ------- ------- ------- ------- 
 
Cu 
Cu1 0.26 0.58  
0.5 [41], [42] 
 
    0.62 
 
------- 
 
0.495 
Cu2 -0.26 -0.58 
   Total magnetic moment (µ𝐵) 0.01 0 ------- ------- ------- ------- 
                    Gap (eV) 0 1.5 2.00 [43] 1.65 2.00 1.00 
A recent study [40] showed that an improved treatment of the first principles of the 
antiferromagnetic ground state of La2CuO4 can be obtained by the strongly-constrained-and-
appropriately-normed (SCAN) meta-GGA [44] within the DFT framework, without using the 
Hubbard U parameter. The SCAN meta-GGA yielded a better estimate of the band gaps compared 
to GGA+U approximation [45].  
In the case of GGA approximation (where the polarized spins’ feature of Wien2k is used even in 
the absence of the Hubbard term U), the magnetic moment of copper atoms is 0.26μB (Table 3). 
This value is close to the literature value 0.2μB in Ref. [34]. When the Hubbard term is added, the 
compound becomes an AF insulator with a staggered magnetic moment on copper atoms equal to 
0.58μB, which is comparable to the experimental value 0.5μB [41], [42]. This value is consistent 
with 1𝜇𝐵 for 𝑆 = 1/2 when the Landé factor is 𝑔 = 2, [46].  
 
 
 
 
 
(a) (b) 
 
 
 
 
 
 
 
(c) (d) 
Figure 5. (a) Total DOS of La2CuO4, (b) Partial DOS of orbital d of La, orbital d of Cu, and 
orbital p of O calculated within the approximation GGA+U, (c) Partial DOS of spin-up and spin-
down, Cu1 and Cu2, and (d) Partial  DOS of orbital d of La.  
 
 
 
 
 
 
 
Figure 6. The band structure of La2CuO4 calculated within the GGA+U approximation.  
 
1.2. Optical conductivity for La2CuO4 
Figure 7a shows the evolution of the real part of the optical conductivity from 0 to 14 eV along 
the x (in ab plane) and z (c) directions of La2CuO4 within GGA+U. The real part of the optical 
conductivity is given by, [47],                  
             
𝜎(𝜔) = −
𝜔
4𝜋
Im𝜀𝑖𝑗(𝜔),  (1)                                                                                            
 
with 𝜀𝑖𝑗 being the dielectric function, and ω the frequency. Figure 6a shows clearly that the optical 
conductivity decreases rapidly for energies higher than ~8.5 eV, whereas it increases for energies 
between 0 and 8.5 eV. This overall behavior compares well to existing experimental data [48], 
[49]. In Figure 5a, the total DOS is highly peaked at ~5 eV, then it is peaked again at ~8.5 eV 
where the optical conductivity has also the maximum value. Also, in Figure 7a, characteristic 
features at E1= 1.01 eV, E2 = 1.5 eV, E3 = 1.8 eV, and E4 = 2.3 eV are displayed. The peaks at E2, 
E3 and E4 are due to direct transitions in the directions M, R and Γ from the VB to CB, respectively.  
E1 corresponds to the optical gap, which is smaller than the electronic gap (Kohn-Sham gap) 
because the GGA approximation neglects electron-hole (exciton) contributions [50]. The latter 
corrects the gap and can be addressed within the GW approximation [51] and time dependent DFT 
calculation, which are beyond the scope of the present paper [52], [53] . The optical gap  has been 
estimated using Tauc's equation, [54],  
(𝛼ℎ𝜈)𝑛 = 𝐴(ℎ𝜈 − 𝐸𝑔), (2) 
where 𝐸𝑔 is the optical gap, 𝛼 the absorption coefficient, ℎ𝜈 the photon energy, 𝐴 a material-
dependent constant, and 𝑛 = 2 for a direct transition or 1/2 for an indirect transition. In our case, 
the material La2CuO4 is characterized by an indirect bandgap; therefore 𝑛 = 1/2. Fitting the ab 
absorption coefficient using equation (2) near the optical gap yields the curve shown in Figure 7b, 
with 𝐸𝑔 = 1.01 eV. The latter is in good agreement with experiment [48]. 
 
  
 
 
 
(a) (b) 
Figure 7. (a) Optical conductivity of La2CuO4, and (b) optical gap. 
 
2. The hypothetical compound {𝐋𝐚}{𝐏𝐫}Cu𝐎𝟒 
 
Kuberkar et al. investigated the structural and superconducting properties of La1-xPrSrxCuO4 
with 0.1 ≤ 𝑥 ≤ 0.25, [55]. They found from resistivity versus temperature measurements that the 
metallicity of the compound increases with Sr doping x. On the other hand, they found that the 
superconducting transition temperature increases with x, reaching a maximum at 𝑥 = 0.2 where 
𝑇𝐶 = 25 K, then decreases for 𝑥 > 0.2. Here we propose our new materials, i.e., we substitute 
atoms by others and propose a new way for growing materials. The proposed material 
{La}{Pr}CuO4 must be grown by depositing layer by layer, the bottom charge reservoir layer, 
CuO2 layer, and upper charge reservoir layer. Here, we substitute one La atom by Pr in La2CuO4. 
First, we checked that {La}{Pr}CuO4 is stable chemically in the two configurations A and B by 
calculating the formation energies:  
                                     
  EFormation (A) = Esystem - EPr - ELa-ECu - 4EO  
                       = -62726.5680 Ry,  
                    
EFormation (B) = Esystem - EPr - ELa-ECu - 4EO 
                     = -62726.5684 Ry.  
                                     
These energies are negative and large in absolute value, and these compounds are 
stoichiometrically neutral since Pr and La atoms have the same degree of oxidation, namely La3+ 
and Pr3+.  
 
2.1. X-ray diffraction profile 
 
Figure 8 shows the (XRD) intensity profiles for the two {La}{Pr}CuO4 structure configurations 
calculated using the software VESTA [29]. Note that the two configurations have the same 
intensity profile because cations La3+ (radius 1.160 Å) and Pr3+ (1.126 Å) have comparable radii 
so that it does not matter significantly where these ions are located [56]. 
 (a)        
 
(b)  
 
Figure 8. The XRD profile calculated by VESTA [29] for (a) {La}{Pr}CuO4 without mixing of 
La and Pr in the charge reservoir, and (b) {La}{Pr}CuO4 with mixing of La and Pr. 
 
The parameters of the elementary cell (a, b, and c) and angles (, , and ) for the two 
{La}{Pr}CuO4 structure configurations are shown in Table 4. 
 
   Table 4. The optimized lattice parameters of {La}{Pr}CuO4.  
Lattice parameters 
and angles 
a (Å) b (Å) c (Å)    
GGA+U 
Configuration A 
5.551 5.603 13.610 90° 90° 90° 
GGA+U 
Configuration B 
5.550 5.606 13.611 90° 90° 90° 
 
2.2. Band structure and DOS 
 
We calculated the electronic structure and DOS corresponding to configurations A and B using 
GGA+U approximation and compared the results with those of La2CuO4. Figures 9 and 10 display 
the total DOS and partial DOS including those of the d electrons on copper atoms Cu1 of sublattice 
1, and Cu2 of sublattice 2. Sublattices 1 and 2 correspond to local up and down AF ordered 
moments. Note that the results of the two {La}{Pr}CuO4 configurations are comparable with those 
of La2CuO4 especially near the Fermi energy (the top of the VB). In Figures 9b and 10b, it found 
that the orbital f of atom Pr has a higher density compared to that of other atoms (Cu, La, and O). 
This density occurs, however, at energies far away from the Fermi energy. 
The band structures in Figure 11 corresponding to configurations A and B display almost the same 
value for the gap (Table 5). Note that the gap in {La}{Pr}CuO4 is smaller than in La2CuO4. The 
substitution of half of Pr atoms with La atoms in La2CuO4 decreases the gap and increases slightly 
the magnetic moment of copper (Table 5). The hypothetical material remains thus a Mott insulator. 
The smaller values of the gap could lend the hypothetical materials {La}{Pr}CuO4 to 
optoelectronic applications in the vicinity of the visible spectrum.  
 
 
 
 
 
 
 
(a) (b) 
 
 
(c) 
Figure 9. (a) Total DOS for configuration A of {La}{Pr}CuO4 in GGA+U approximation, (b) 
Partial DOS for configuration A of {La}{Pr}CuO4, and (c) Partial DOS of spin-up and spin-
down, Cu1 and Cu2. 
 
 
 
  
 
 
(a) (b) 
 
 
(c) 
Figure 10. (a) Total DOS for configuration B of {La}{Pr}CuO4 in GGA+U approximation, (b) 
Partial DOS for configuration B, and (c) Partial DOS of spin-up and spin-down, Cu1 and Cu2. 
 
    Table 5. The partial magnetic moments, total magnetic moment, and gap of {La}{Pr}CuO4.  
  Configuration A Configuration B 
                Approximation GGA+U GGA+U 
 
 
Magnetic moment (µ𝐵) 
La 0.0015 0.0014 
 
Cu 
Cu1 0.6 0.6 
Cu2 -0.6 -0.6 
 
Pr Pr1 1.99 1.99 
Pr2 -1.99 -1.99 
Total magnetic moment (µ𝐵) 0 0 
                    Gap (eV) 1.330 1.352 
 
 
 
 
 
 
 
(a) (b) 
Figure 11. Band structure of {La}{Pr}CuO4 for (a) configuration A, and (b) configuration B. 
 
2.3. Spatial charge density for {𝐋𝐚}{𝐏𝐫}𝐂𝐮𝐎𝟒 
 
In Figure 12, we show the total charge density in the (001) and (100) planes for both configurations 
A and B. Because of the similarity between the results obtained for up and down spins, we only 
report on the results of the up spins. From Figures 12a and 12c, we observe that there is a polar 
covalent bond between copper and oxygen. This bond is a result of the overlap between the d-Cu 
and O-p orbitals. The Pr atoms are isolated, suggesting that the bond between the Pr and O atoms 
is ionic due to the weak overlap between f-Pr and p-O (Figures 12b and 12d). Similarly, the bond 
between La and O atoms is ionic.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
f
 
 
 
 
 
(a) (b) 
 
 
 
 
 
 
 
(c) (d) 
Figure 12. Charge density of {La}{Pr}CuO4 in configuration A: (a) (001) plane, (b) (100) plane. 
Charge density of {La}{Pr}CuO4 in configuration B: (c) (001) plane, (d) (100) plane. 
2.4. Optical conductivity for {La}{Pr}CuO4 
 
Using GGA+U approximation, we calculated the optical conductivities along x (ab) and z (c) 
directions for the two configurations of {La}{Pr}CuO4 with energy ranging from 0 to 14 eV. As 
displayed in Figures 13a and 13b the maximum value for the ab conductivity in configuration A, 
6.16×103 Ω1cm-1, occurs at energy 6.57 eV. For configuration B, the maximum 6.2×103 Ω-1cm-1 
occurs at 6.51 eV. Meanwhile, the optical conductivity calculated for La2CuO4 has a maximum 
value of 7.5×103 Ω-1cm-1 at 8.6 eV. Also, in Figures 13a and 13b, characteristic features at E1 = 
1.13 eV, E2 = 1.67 eV, E3 = 1.91 eV, and E4 = 2.42 eV are shown. The energy E1 corresponds to 
the optical gap. The other energies, E2, E3 and E4, are due to transitions in directions R, X and Γ 
from the VB to the CB, respectively. The optical gap of {La}{Pr}CuO4 is indirect and its value 
calculated using Tauc's equation (2) is 1.132 eV for configuration A and 1.138 eV for 
configuration B (Figures 13c and 13d). 
 
 
 
 
 
 
(a) (b) 
 
 
 
 
(c) (d) 
Figure 13. Optical conductivity of {La}{Pr}CuO4: (a) Configuration A. (b) Configuration B. 
Optical gap: (c) Configuration A. (d) Configuration. 
 
3. The hypothetical compound {𝐋𝐚}{𝐕}Cu𝐎𝟒 
In our search for a copper-oxide material that could display metallicity in presence of strong AF 
correlations or even AF order at half filling, we substituted praseodymium, Pr, by vanadium, V. 
The latter has a smaller size when ionized and can lose up to 5 valence electrons. In principle, in 
the proposed compound, the valence of V should be only 3+ to satisfy neutrality requirement. Our 
Wien2k simulations confirm this result. The formation energy of {La}{V}CuO4 calculated for 
both configurations A and B reveals that this compound is stable, and that configuration B is more 
stable than configuration A:                              
EFormation (A) = Esystem - ELa - EV - ECu - 4EO  
                    = -67817.5506 Ry, 
 
EFormation (B) = Esystem - ELa - EV - ECu - 4EO 
                     = -67817.5688 Ry.  
 
For this new hypothetical material, {La}{V}CuO4, we calculated the XRD profile, and performed 
DFT calculations of the band structure, DOS, and optical conductivity within the GGA+U 
approximation.  
 
3.1. X-ray profile 
 
The comparison of the lattice parameters of {La}{V}CuO4 (Table 6) and those of La2CuO4 (Table 
2) shows a significant difference, due essentially to the big difference in the ionic radii of vanadium 
and lanthanum. The ionic radii of La and V, 1.160 Å and 0.74 Å [57] respectively, are indeed very 
different. The difference between {La}{V}CuO4 and La2CuO4   is also shown by the XRD profiles 
of La2CuO4 (Figure 3) and {La}{V}CuO4 (Figure 14). In contrast, the XRD profile of 
{La}{Pr}CuO4 (Figure 8) is very similar to that of La2CuO4 (Figure 3), because the ionic radii of 
lanthanum and praseodymium have comparable values (1.160 Å for La3+ and 1.126 Å for Pr3+). 
As seen in Figure 14a for the XRD profile of configurations A for {La}{V}CuO4, the intensity of 
peak (001) occurs at 2θ ≈ 7°. But in configuration B, Figure 14b, the most intense peak is (200) 
and occurs at 2θ ≈ 30°. These peaks shift and difference in intensities that exist in the two XRD of 
both configurations, could be justified, first by the big difference between the radii of La and V, 
but also by the large difference in the electronegativities of atoms La (with electronegativity 1.1) 
and V (with 1.63). Note that for the material {La}{Pr}CuO4, La and Pr have comparable radii and 
comparable electronegativities; 1.1 for La and 1.13 for Pr. This could explain why the XRD 
profiles of the two configurations are very similar. 
 
 
             
(a) 
 
 
(b)  
 
Figure 14. The XRD profile calculated by VESTA [29] for (a) {La}{V}CuO4 without mixing 
of La and V in the charge reservoir, and (b) {La}{V}CuO4 with mixing between La and V. 
 
The parameters of the unit cell a, b, and c, and angles , , and  for the two {La}{V}CuO4 
structure configurations are shown in Table 6. Notice that the lattice parameters for {La}{V} CuO4 
are larger than those of {La}{Pr}CuO4 by a factor 1.4%. This difference can be attributed to the 
difference in the atomic radii of V and Pr, in the same way are found  by T. Kenjo et al. [58] , 
when they replaced by an atom with larger ionic radii the lattice parameters decrease. 
  
   Table 6. The lattice parameters optimized of {La}{V}CuO4.  
Parameter and 
angle 
a (Å) b (Å) c (Å)    
GGA+U 
Configuration A 
5.628 5.680 13.797 90° 90° 90° 
GGA+U 
Configuration B 
5.621 5.685 13.783 90° 90° 90° 
 
3.2. Band structure and DOS 
 
Figures 15a and 16a display the total DOS for configurations A and B of {La}{V}CuO4. Clearly, 
the states in both cases are metallic even with copper’s onsite Coulomb repulsion being U=4 eV. 
In the band structure (Figure 17) for the two configurations we observe a small gap above the 
Fermi energy. Also, in Figures 15b and 16b, partial DOS are shown for La, V, Cu, and O atoms. 
We observe that the orbital d of the atom V has a higher DOS compared to other atoms. On the 
other hand, the atom that dominates the DOS near the Fermi level is V, which means that V is thus 
responsible for the metallic character of the proposed materials. In Figures 15b and 16b, we see 
that the DOS is dominated by d-Cu and p-O states near energy -3 eV away from the Fermi level, 
whereas the DOS is dominated by d-La state for energies 3 to 5 eV. Copper’s spins are ordered 
antiferromagnetically as Figures 15c and 16b display.  The magnetic moment of V is 2.56𝜇𝐵 for 
configuration A and 2.6𝜇𝐵 for configuration B (Table 7). These values are consistent with 3𝜇𝐵 for 
𝑆 = 3/2 if the Landé factor is 𝑔 = 2, [59]. 
 
 
 
 
 
 
 
(a) (b) 
  
 
 
 
(c) (d) 
Figure 15. (a) Total DOS of configuration A of {La}{V}CuO4 in the GGA+U approximation, 
(b) Partial DOS of configuration A for {La}{V}CuO4, (c) Partial DOS of spin-up and spin-down 
Cu1 and Cu2, and (d) Partial DOS of spin-up and spin-down V1 and V2. 
 
 
 
 
 
 
(a) (b) 
  
 
 
(c) (d) 
Figure 16. (a) Total DOS of configuration B for {La}{V}CuO4 in GGA+U approximation, (b) 
Partial DOS of configuration B, (c) Partial DOS of spin-up and spin-down Cu1 and Cu2, and (d) 
Partial DOS of spin-up and spin-down V1 and V2. 
 
     Table 7. The partial magnetic moments, total magnetic moment of {La}{V}CuO4.  
  Configuration A Configuration B 
                Approximation GGA+U GGA+U 
 
 
Magnetic moment (µ𝐵) 
La 0.00035 0.00018 
 
Cu 
Cu1 0.59 0.6 
Cu2 -0 .59 -0.6 
 
V V1 2.56 2.6 
V2 -2.56 -2.6 
Total magnetic moment (µ𝐵) 0.0468 0.0169 
  
 
 
 
 
  
(a) (b) 
Figure 17. Band structure of {La}{V}CuO4 in (a) configuration A, and (b) configuration B. 
 
3.3. Spatial charge density for {La}{V}CuO4 
 
The charge density of {La}{V}CuO4 in the (001) and (100) planes for both configurations A and 
B are shown in Figure 18. A strong polar covalent bond is observed between Cu and O atoms 
(Figures 18a and 18c). In Figures 18b and 18d, we observe the ionic character of the V-O bond 
due to the weak interaction of their orbitals (d-V and p-O). We also observe the absence of orbital 
overlap between La and O, which is consistent with an ionic bond.This agrees with the DOS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
(a) (b) 
 
 
 
 
(c) (d ) 
Figure 18. Charge density of {La}{V}CuO4 in configuration A: (a) (001) plane, (b) (100) plane. 
Charge density of {La}{V}CuO4 in configuration B: (c) (001) plane, (d) (100) plane. 
 
3.4. Optical conductivity for {La}{V}CuO4 
 
The optical properties calculated by the DFT for {La}{V}CuO4 are displayed in Figure 19. In this 
proposed material, the conductivity shows no gap near zero energy because this compound is 
metallic, unlike La2CuO4 and {La}{Pr}CuO4, which are characterized by a gap. The maxima of 
the optical conductivity for La2CuO4 and {La}{Pr}CuO4 occur at higher energies than those of 
{La}{V}CuO4. The coexistence of the metallic behavior and AF order at half filling for the V-
compound is an important feature. It would be interesting to investigate the dynamics of the charge 
and spin excitations in this state to figure out what kind of correlated collective behaviors can arise. 
 
 
 
 
 
 
 
(a) (b) 
Figure 19. Optical conductivity of {La}{V}CuO4 in (a) Configuration A, and (b) Configuration 
B. 
 
IV. Conclusions 
 
In our search for exotic materials with ground states mixing strong AF correlations or AF order 
with metallicity, we investigated the structural, electronic, and optical properties of two 
hypothetical materials based on copper-oxide high-TC cuprates. We outlined a new way for 
growing such materials by depositing, layer after layer, layers of the charge reservoir and CuO2 
layers. The positions of the atoms in the charge reservoirs matter. We examined the cases where 
different atoms mix or not in the same layer of the charge reservoir. Specifically, we report on two 
hypothetical materials, {La}{Pr}CuO4, which is found to be an AF Mott insulator in both 
configurations of mixing or non-mixing between La and Pr, and {La}{V}CuO4, which is found to 
be a quantum metal. We attribute the significant difference in the ground states of these two 
materials to the significant difference of the radii of atoms Pr and V. Our work should be able to 
stimulate further studies both experimentally and theoretically. One of the interesting issues that 
can be addressed is the effect of doping on these hypothetical materials, and the possibility of 
realizing new states like superconductivity. Also, the gap found in the Mott insulator 
{La}{Pr}CuO4 is smaller than in La2CuO4, which may suggest potential applications in 
optoelectronic systems near the visible spectrum. 
We calculated the electronic and optical properties of the proposed material {La}{Pr}CuO4 and 
{La}{V}CuO4 and compared our results with those of the well-known material La2CuO4. Note 
that we recalculated the properties of the latter and recovered good agreement with literature data. 
Our work was done using the linear augmented plane waves method at full potential (FP-LAPW) 
within the GGA+U approximation in the context of the density functional theory. The Wien2k 
software was used to perform our computations. The La2CuO4 material is known to be an 
antiferromagnetic insulator due to the strong local Coulomb repulsion. The proposed material 
{La}{Pr}CuO4 is found to be insulating and antiferromagnetically ordered, but the material 
{La}{V}CuO4 shows a metallic behavior coexisting with long-range AF order. This state could 
constitute a true ground state and it is thus termed a quantum metal, in contrast to the conventional 
metallic states which are not stable against perturbations leading to ordered and gapped states as 
temperature approaches 0 K. The magnetic moment of Cu in {La}{V}CuO4 is practically 0.6µB 
and is comparable to the one in La2CuO4. Our results show that the optical conductivity in the ab 
plane and along z direction displays no gap in the undoped antiferromagnetic quantum metal 
{La}{V}CuO4 because of gapless electronic excitations. 
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